The basic mechanism underlying electric field switching produced by a resonant tunneling diode (RTD) is analysed and the theory compared with experimental results; good agreement is achieved. The electroabsorption modulator (EAM) device potential of this effect is explored in an optical waveguide configuration and it is shown that an RTD-EAM can provide significant absorption coefficient change, via the Franz-Keldysh effect, at appropriate optical communication wavelengths around 1550nm and can achieve 28dB optical modulation in a 200pm active length device. The advantage of the RTD-EAM, over the conventional reversed biased pn junction EAM, is that the RTD-EAM has in essence an integrated electronic amplifier.
Introduction
With the steady improvement of high precision growth techniques for semiconductor layers, in particular Molecular Beam Epitaxy (MBE), there has been renaissance in tunneling devices for electronic applications. Compared to previous attempts to produce tunneling devices, high precision growth now gives much more control over device characteristics which are crucially dependent on layer thickness and tunneling devices are now being considered as memories devices (1) and a new logic family has been proposed (2) . Furthermore, it has been demonstrated that 111-V semiconductor tunneling devices can be integrated with silicon CMOS technology and that tunneling devices can 0-7 803-65 5O-W00/$10.0002000 IEEE.
be driven by CMOS logic levels (3). The physics and electronic applications of RTDs have recently be reviewed in (4). Optoelectronics has provided perhaps the most impressive example of high precision growth for a tunneling device with the invention of the quantum cascade laser ( 5 ) in which population inversion between subbands in quantum wells is produced by carefully engineered tunneling. Simpler optoelectronic devices structures essentially based on double barrier resonant tunnelling diodes (DBRTD) have also been used in various applications; these include photodetectors at optical communication wavelengths (6) , mid-infrared wavelengths (7) and, closely related to the work presented here, optical modulators (8) , (9) , ( 10) .
'
In this paper we report on the application of double barrier resonant tunneling diode (RTD) to electroabsorption modulator ( E M ) devices and in particular the electric field switching which is the basis of the operation of the device. We have been investigating this as an alternative to conventional EAM devices which are currently employed in optical communication systems and where the electric field is switched by employing a reversed biased pin diode. The key advantage of the RTD-EAM over the conventional pin-EAM (for a recent review of conventional pin-EAMs see (1 1)) is that the RTD-EAM can provide electrical gain over a wide bandwidth and thereby achieve a low-drive voltage, high speed operation.
Principle of operation of the RTD-€AM
In a conventional EAM the electric field is applied by reverse biasing a pn diode and the applied electric field shifts the band-gap of the semiconductor to lower energy. The key difference with the RTD-EAM is that the tunneling characteristics of the double barrier RTD (DBRTD) are employed to switch the applied electric field. A typical I-V characteristic of a DBRTD is shown in figure( l), the physics which gives rise to this type of I-V has been previously explained (4) . For RTD-EAM operation the key point is that when the device switches from the peak current to the valley current there is an increase in the internal electric field. The electric field in the depleted spacer layer causes the FranzKeldysh band-edge shift which is responsible for the electroabsorption effect.
Quantitatively, the magnitude of the electric field in the drift region as function of position E(z) at a constant current density J can be obtained from the one dimensional Poisson's equation as follows:
where E is electric field in the depleted spacer layer, z is distance, e electronic charge, E dielectric constant and J current density, N, is doping density in the depleted spacer layer and Where E, represents the electric field at the injection plane z=O (see figure{ 3.3 1 }), at the boundary between the RTD and the depleted spacer layer and W is the width of the drift region which is determine by the doping level. The change in voltage across the drift region due to peak-to-valley switching is given by:
where AE is the change in electric field at z=O between the valley current density Jv and peak current density, Jp. W the width of the depleted spacer layer is assumed to remain constant before and after current switching, as is Nd. We can re-arrange the above equation to obtain AE the switched electric field.
The change in voltage AVd and AJ=Jp-V are found from the I-V characteristic of the RTD-EAM.
An important consideration limiting the electric field switching is the doping of the depleted spacer layer (drift region), N,. The peak current is limited by Jpmax<eNJv if this condition is not observed then the electric field can exceed the breakdown electric field. However, to minimise optical loss due to free carrier losses it is desirable to keep N, as small as possible.
Experimentally we observed in the InP based RTD-EAM that N,=2x1016 cm-3 gave unreliable devices subject to catastrophic breakdown whereas Nd=5x 1OI6 cm-3 produced reliable devices.
Wafer design and growth, fabrication and packaging
Essentially, the RTD-EAM is a simple unipolar device which consists of a DBRTD embedded in an optical waveguide. The DBRTD is employed to switch the applied field as described above. The optical waveguide ensures a larger interaction volume between the active region of the device and the optical mode and thereby ensures a larger modulation depth for given applied field. The wavelength of operation is set by the bandgap of the material employed in the active region of the device. Our initial devices used GaAs (see (8) , (9) ) in the active region and operated at 900nm subsequently In0,53A10,,5 G q 4 ? As was employed to shift the wavelength of operation to 1550nm. InAlGaAs was used because it is a convenient semiconductor alloy for MBE growth.
The layer design for the InAlGaAs RTD-EAM device is shown in figure{ 6.2). The RTD-EAM wafers were grown by Molecular Beam Epitaxy in a Varian Gen I1 system on a InP substrate. The waveguide core was formed by two moderately doped (Si: 5x1 016cm-3 ) Ino,,3Ga,,,,2A10,,,As layers 500nm thick (absorption band edge around 1550nm and refractive index of 3.56) each side of the double barrier RTD (2nm thick AlAs barriers and 6nm thick In0,53 Ga 0.47 As quantum well). The upper cladding layer of the optical waveguide consisted of a 300nm In0.52A10.48As layer heavily doped (Si: 2~1 0 '~c m -~ ). The contact layer was a In,,,,Ga 0.47 As layer &doped for the formation of non-alloyed Au-Ge-Ni ohmic contacts.
The details of the fabrication procedure and device packaging can be found in (1 3 )
Results
Optical characterisation of the InGaAl As RTD-EMS employed a tunable diode laser, tuneable in the wavelength range 1480-1580 nm . End-fire and fibre coupling into the semiconductor waveguide was empoyed. The waveguide was not single mode but it was possible to excite individual modes. By tuning the laser and measuring the throughput it was possible to take waveguide transmission spectra and the Fabry-Perot etalon method was employed to calibrate the spectra by measuring the loss at a particular wavelength. For zero applied field, the absorption coefficient at 1565 nm was found to be 8.2cm-I. The change in the absorption spectrum was measured at various points in the I-V curve of the RTD-EAM. The results of these experiments are shown in figure ( 1) Figure ( 1) 
Comparison with theory
Considering the 4 x 200 pm active area InAlGaAs RTD-EAM devices with measure values of &=14&, and v,,,=lx107cm/s and the depletion region W=SOOnm then using equation 4 we find that the switched electric field AE=43kVlcm. We compare the observed band shift with the band-edge shift predicted Franz-Kelydysh theory We obtain Ak46 nm compared to the around 0.8V with peak to valley current difference AJ,,=13kA~m-~ taking observed value Ak43nm, indicating an actual electric field electric field of 38kVkm. This provides evidence that our model gives an estimate to within 12%.
Conclusions
We have presented a study of the basic mechanism of electric field switching with a RTD and we have demonstrated how this electric field switching can be employed in an electroabsorption modulator device configuration to obtained optical modulation at 1550nm. The value of the switched electric field was deduced from the wavelength shift of the band-edge and the model was shown to give an estimate to within 12% of this switched electric field.
The change in optical absorption coefficient over the absorption coefficient Aala, associated with the switch in electric field shows a maximum value of 4 at a wavelength of 1565nm. This effect was employed (combined with a slightly larger voltage swing) to obtain a maximum modulation of 28dB at 1565nm in a device with an active region length of 200pm.
